Trappe TA, Standley RA, Jemiolo B, Carroll CC, Trappe SW. Prostaglandin and myokine involvement in the cyclooxygenaseinhibiting drug enhancement of skeletal muscle adaptations to resistance exercise in older adults. Am J Physiol Regul Integr Comp Physiol 304: R198 -R205, 2013. First published December 5, 2012 doi:10.1152/ajpregu.00245.2012.-Twelve weeks of resistance training (3 days/wk) combined with daily consumption of the cyclooxygenase-inhibiting drugs acetaminophen (4.0 g/day; n ϭ 11, 64 Ϯ 1 yr) or ibuprofen (1.2 g/day; n ϭ 13, 64 Ϯ 1 yr) unexpectedly promoted muscle mass and strength gains 25-50% above placebo (n ϭ 12, 67 Ϯ 2 yr). To investigate the mechanism of this adaptation, muscle biopsies obtained before and ϳ72 h after the last training bout were analyzed for mRNA levels of prostaglandin (PG)/cyclooxygenase pathway enzymes and receptors [arachidonic acid synthesis: cytosolic phospholipase A 2 (cPLA2) and secreted phospholipase A2 (sPLA2); PGF2␣ synthesis: PGF2␣ synthase and PGE2 to PGF2␣ reductase; PGE2 synthesis: PGE2 synthase-1, -2, and -3; PGF2␣ receptor and PGE2 receptor-4], cytokines and myokines involved in skeletal muscle adaptation (TNF-␣, IL-1␤, IL-6, IL-8, IL-10), and regulators of muscle growth [myogenin, myogenic regulatory factor-4 (MRF4), myostatin] and atrophy [Forkhead box O3A (FOXO3A), atrogin-1, muscle RING finger protein 1 (MuRF-1), inhibitory B kinase ␤ (IKK␤)]. Training increased (P Ͻ 0.05) cPLA 2, PGF2␣ synthase, PGE2 to PGF2␣ reductase, PGE2 receptor-4, TNF-␣, IL-1␤, IL-8, and IKK␤. However, the PGF 2␣ receptor was upregulated (P Ͻ 0.05) only in the drug groups, and the placebo group upregulation (P Ͻ 0.05) of IL-6, IL-10, and MuRF-1 was eliminated in both drug groups. These results highlight prostaglandin and myokine involvement in the adaptive response to exercise in older individuals and suggest two mechanisms underlying the enhanced muscle mass gains in the drug groups: 1) The drug-induced PGF 2␣ receptor upregulation helped offset the drug suppression of PGF 2␣-stimulated protein synthesis after each exercise bout and enhanced skeletal muscle sensitivity to this stimulation.
drugs and doses blocked the normal muscle protein synthesis response to a single bout of resistance exercise (61) through a cyclooxygenase (COX)-derived PGF 2␣ -mediated mechanism (60, 61) . Additional studies (7, 69) , along with analysis of muscle biopsies taken before and after the 12 wk of training (59) have concluded COX-1 is the specific isoform likely involved with the prostaglandin production after exercise in healthy humans and is sensitive to both acetaminophen and ibuprofen in human skeletal muscle. Furthermore, the initial attempt at understanding the mechanism underlying the unexpected drug effects on muscle growth showed there were no drug-specific effects on muscle COX enzyme levels after training (59) .
The impetus for our human studies in this area was the early studies of Rodemann and Goldberg (46), Palmer and colleagues (39, 40) , and Vandenburg and colleagues (63) in isolated animal muscle and muscle cell culture. They showed an increase in arachidonic acid flux through the COX enzyme, either through stretch or direct arachidonic acid supplementation, promoted the muscle production of PGF 2␣ and PGE 2 , which in turn stimulated muscle protein synthesis or degradation, respectively. Interestingly, in the aforementioned training study only muscle exposed to both exercise and either of the two drugs over the 12 wk experienced this supplemental growth (59) , suggesting a muscle stretch and/or loading-related mechanism. Although we speculated that the COX inhibitors may have had a stronger effect on reducing PGE 2 -related protein degradation (59) , the actual mechanism behind the drug effects on muscle growth is still unknown. Understanding how these drugs work is important not only for the millions of individuals worldwide that consume these drugs regularly along with healthcare professionals that may prescribe chronic consumption of these drugs, but it also provides insight into the regulation of skeletal muscle adaptations to exercise.
The goal of the current investigation was to take a comprehensive, yet targeted, approach to understand the COX-inhibiting drug effects on muscle growth (59) . Including our previous measurements of the COX enzymes (59), we examined 27 components (enzymes, receptors, cytokines, myokines, transcription factors, and growth factors) involved in the regulation of the PG/COX pathway and muscle mass. In the muscle biopsy samples taken before and after training we examined the COX pathway enzymes that are upstream and downstream of COX and responsible for enhancing general prostaglandin production (i.e., PGH 2 , the product of COX and precursor to all prostaglandins) and specific enzymes and receptors that regulate the production and initiate the effects of PGF 2␣ and PGE 2 , respectively ( Fig. 1) . Specifically, we examined phospholipase A 2 (PLA) enzymes [cyctosolic (cPLA 2 ) and secreted (sPLA 2 )] that convert membrane phospholipids to the COX-substrate arachidonic acid (8, 20, 23, 50) ; the enzymes that convert PGH 2 to PGF 2␣ (PGF 2␣ synthase) (29, 30, 36, 68) and PGE 2 to PGF 2␣ (PGE 2 to PGF 2␣ reductase) (34, 51, 68) ; the enzymes that convert PGH 2 to PGE 2 (PGE 2 synthase-1, -2, and -3) (37, 41, 47, 70) ; the PGF 2␣ receptor (1, 6, 35, 38) ; and PGE 2 receptor-4 (6, 55) ( Table 1) . We also examined several cytokines and myokines that have been shown to regulate skeletal muscle metabolism and adaptation, specifically, tumor necrosis factor (TNF)-␣, IL-1␤, IL-6, IL-8, and IL-10 (42, 43) . Additionally, we measured several known regulators of muscle growth [myogenin, myogenic regulatory factor-4 (MRF4), myostatin] (16, 25, 48) and atrophy [Forkhead box O3A (FOXO3A), atrogin-1, muscle RING finger protein 1 (MuRF-1), and inhibitory B kinase ␤ (IKK␤)] (16, 17, 31, 48) . The findings from these analyses resulted in two proposed mechanisms as to how COX-inhibiting drugs promote muscle mass gains during resistance training in older individuals.
MATERIALS AND METHODS

Overall Study Design
This study was a randomized, placebo-controlled, double-blind 12-wk investigation. During the 12 wk subjects completed a progressive resistance training program of the lower extremities three times per week and consumed a placebo (n ϭ 12, 67 Ϯ 2 yr), acetaminophen (4.0 g/day; n ϭ 11, 64 Ϯ 1 yr), or ibuprofen (1.2 g/day; n ϭ 13, 64 Ϯ 1 yr). The study was conducted at the Human Performance Laboratory at Ball State University and Ball Memorial Hospital and approved by the Institutional Review Boards of both institutions. All study procedures, risks, and benefits were explained to the subjects before giving written consent to participate. A detailed presentation of the subject characteristics, screening, and exclusion criteria; resistance training program; COX-inhibitor consumption, compliance, and sideeffect monitoring; and the muscle size (via MRI) and strength measurements and related findings have been reported previously (59) .
Targeted muscle mRNA measurements of potential COX inhibitor-related regulators of muscle mass were examined in previously obtained muscle biopsies taken before and after training (59) . In addition, we completed microdialysis-based measurements of muscle proteolysis (21, 22, 24, 56) to address the hypothesis that resistance exercise training would reduce the previously reported age-related elevation (58) and provide supplementary information on the potential impact of the COX-inhibiting drugs on basal resting proteolysis.
Muscle Biopsy
Subjects underwent a muscle biopsy (3) of the m. vastus lateralis before and at the end of the resistance training program in the basal state (i.e., no testing or training was completed for 3 days before each biopsy). Biopsies were obtained in the early morning (ϳ7 AM) after at least 30 min of supine rest and after an overnight fast of ϳ12 h. The evening meals before the biopsy were supplied in liquid form (Ensure Plus, 57% carbohydrate, 15% protein, and 28% fat) and provided 50% of the estimated daily caloric need (1.5 times the predicted resting metabolic rate) to standardize the composition, amount, and timing (i.e., duration of the fast) of the final meal consumed before the biopsy. At the end of training, drug consumption (59) continued until the biopsies were obtained. After the biopsy, excess blood, visible fat, and connective tissue were removed, and a portion of the muscle to be used for mRNA analysis was immediately stored in 0.5 ml RNAlater (Ambion, Austin, TX) at 4°C for 24 h and then placed at Ϫ20°C until analysis.
Muscle mRNA Measurements
Quantitative PCR (qPCR) was completed to determine the mRNA levels of the components listed in Table 1 . Decisions regarding the specific components of the prostaglandin/COX pathway were based on relevant literature and our recent skeletal muscle transcriptome analysis on a relatively large cohort of young and old men and women (45) . mRNA analyses were completed on 33 individuals (minus one subject from each group).
Total RNA extraction and RNA quality check. Total RNA was extracted in TRI Reagent (Molecular Research Center, Cincinnati, OH). The quality and integrity (RIN of 8.12 Ϯ 0.03) of extracted RNA Table 1 for additional nomenclature, isoform, variant, and gene information. All of the enzymes and receptors in blue were measured in the current study. (113.28 Ϯ 4.51 ng/l) were evaluated using a RNA 6000 Nano LabChip kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA) as we have previously described (7, 59, 69) .
qPCR. Oligo (dT) primed first-strand cDNA was synthesized (150 ng of total RNA) using SuperScript II RT (Invitrogen, Carlsbad, CA). Quantification of mRNA levels (in duplicate) was performed in a 72-well Rotor-Gene 3000 Centrifugal Real-Time Cycler (Corbett Research, Mortlake, NSW, Australia). Housekeeping gene GAPDH was used as a reference gene, as we have previously described (28, 44, 69) . All primers used in this study were mRNA specific (on different exons and/or crossing over an intron) and designed for qPCR (Vector NTI Advance 9 software, Invitrogen) using SYBR Green chemistry. Details about primer characteristics are presented in Table 1 . A melting curve analysis was generated for all qPCR runs to validate that only one product was present. A serial dilution curve (cDNA made from 500 ng of total RNA of human skeletal muscle; Ambion) was generated for each qPCR run to evaluate reaction efficiencies. The amplification calculated by the Rotor-Gene software was specific and highly efficient (efficiency ϭ 1.07 Ϯ 0.02; R 2 ϭ 0.99 Ϯ 0.00; slope ϭ 3.19 Ϯ 0.04). Gene expression before and after the 12 wk of resistance exercise training was compared using the 2 Ϫ⌬⌬C T (fold change) relative quantification method (7, 32, 33, 44) .
Muscle Microdialysis Measurements
Resting skeletal muscle proteolysis was examined with microdialysis sampling of interstitial 3-methyhistidine (3MH) concentration (21, 22, 24, 56, 58) before and after training the same morning as the muscle biopsies but from the opposite leg. These secondary measurements focused on the placebo group, but due to the double-blind nature of the protocol, all subjects were examined. As we have previously described in detail (24, 58), a preperfused CMA 60 microdialysis catheter was placed in the m. vastus lateralis, followed by an unperfused 2.5-h rest period, and then perfused with a calibrated microinfusion pump for 1.5 h at 2.0 l/min with sterile Ringer supplemented with Dextran-70. The initial 30-min dialysate sample was discarded, followed by four 15-min samples, with the first two used for 3MH determination. Dialysate weights were similar to the expected weight across drug groups and pre-to posttraining (overall average: 30.0 Ϯ 0.1 mg), suggesting no net fluid transport across the microdialysis membrane (19) . Dialysate 3MH concentration was determined in duplicate by HPLC as previously described (24, 56, 58) and corrected for probe recovery based on our previously obtained nonexercising recovery data for 3MH in the m. vastus lateralis of older subjects (58) , and the two 15-min determinations were averaged to represent the pre-or posttraining value for that subject. Subjects with subcutaneous fat thickness over the thigh region that prevented microdialysis sampling of only the muscle (determined with MRI) were excluded; therefore, 26 total individuals were studied [placebo: 9 (8 males, 1 female), acetaminophen: 10 (9 male, 1 female), ibuprofen: 7 (7 male)].
Statistical Analysis
Data were analyzed with two-way (group and time) analysis of variance ANOVA with repeated measures, and post hoc comparisons were made with Tukey's test. Significance was accepted at P Ͻ 0.05. Data are presented as means Ϯ SE.
RESULTS
Prostaglandin/COX Pathway and Receptors
The prostaglandin-producing COX pathway components and the receptors for PGF 2␣ and PGE 2 are presented in Table 2 and Fig. 2 . Several components of the COX pathway were increased (P Ͻ 0.05) due to training (cPLA 2 : 120%, PGF 2␣ synthase: 222%, PGE 2 to PGF 2␣ reductase: 99%). sPLA 2 and PGE 2 synthase-1, -2, and -3 remained unchanged (P Ͼ 0.05) from pre-to posttraining in all three groups. The PGF 2␣ receptor was upregulated (P Ͻ 0.05) only in the drug groups (ϳ70%) over the 12 wk. PGE 2 receptor-4 was upregulated (P Ͻ 0.05) by 60% due to training. 
Cytokines and Myokines
TNF-␣ (98%), IL-1␤ (132%), and IL-8 (114%) were increased (P Ͻ 0.05) due to training (Table 2 ). IL-6 (139%) and IL-10 (211%) were both upregulated (P Ͻ 0.05) only in the placebo group (Fig. 3) .
Muscle Growth and Atrophy Regulators
The growth regulators myogenin, MRF4, and myostatin, as well as the atrophy regulators FOXO3A and atrogin-1, remained unchanged (P Ͼ 0.05) from pre-to posttraining in all three groups (Table 2 ). MuRF-1 was differentially upregulated in the placebo group compared with the acetaminophen and ibuprofen groups (Fig. 3) . IKK␤ was increased (P Ͻ 0.05) due to training (Table 2) , which appeared to be driven primarily by the placebo group.
Muscle 3MH
Basal muscle myofibrillar proteolysis, as estimated from muscle interstitial levels of 3MH, was not influenced (P Ͼ 
DISCUSSION
The main goal of this investigation was to provide mechanistic insight as to how the over-the-counter COX-inhibiting drugs acetaminophen and ibuprofen altered skeletal muscle metabolism and promoted supplemental muscle growth by 25-50% during resistance training in older individuals (59) . The findings from the current analyses resulted in two proposed mechanisms: 1) The drug-induced PGF 2␣ receptor upregulation helped offset the drug suppression of PGF 2␣ -stimulated protein synthesis after each exercise bout and enhanced skeletal muscle sensitivity to this stimulation.
2) The druginduced suppression of intramuscular PGE 2 production increased net muscle protein balance after each exercise bout through a reduction in PGE 2 -induced IL-6 and MuRF-1, both promoters of muscle loss. In addition, most of the prostaglandin/COX pathway enzymes and receptors had not previously been examined in human skeletal muscle or in response to exercise. Many of these components were elevated over the 12 wk and further suggest the prostaglandin/COX pathway is part of the adaptive response of skeletal muscle to resistance exercise training.
Our original hypothesis was that daily consumption of the COX-inhibiting drugs would chronically blunt the COX-mediated production of PGF 2␣ and subsequent stimulation of muscle protein synthesis after resistance exercise (60, 61) , ultimately blunting the amount of exercise training-induced hypertrophy. Recent studies of the PGF 2␣ receptor (1, 6, 38) in skeletal muscle (35) , using agonists and competitive inhibitors, have confirmed that PGF 2␣ binding to its receptor stimulates muscle cell growth and have delineated the intracellular signaling pathways triggered by this receptor. Additional PGF 2␣ receptors in the muscle of the drug groups, coupled with a general training increase in COX (59) and the PGF 2␣ -producing enzymes (PGF 2␣ synthase and PGE 2 to PGF 2␣ reductase), would make the muscle less susceptible to the same daily COX-inhibiting drug doses and more sensitive to any PGF 2␣ that was produced following exercise. The overall contribution of these responses to the supplementary muscle growth in the drug groups is unclear but would be better understood if the time course for the upregulation of the receptor and enzymes was known. It would also be interesting to know the related consequences of longer-term exercise training and drug consumption.
The supplemental muscle growth in the drug groups also appears to be driven by lower levels of IL-6 and MuRF-1 compared with the placebo group (Fig. 3 ). IL-6 has been shown in numerous population-based studies of older individuals to be associated with a reduction in muscle mass and functional independence (2, 11, 13, 49) . In addition, acute IL-6 infusion in humans to raise plasma concentration to postexercise levels reduces muscle protein turnover by 50%, resulting in an increased net muscle protein degradation (62) . In animals, chronic infusion of IL-6 to simulate postexercise levels and low-level inflammation retards growth (5) and promotes muscle atrophy (18) . Interestingly, PGE 2 stimulates IL-6 transcription in nonskeletal muscle cells (12, 14, 15, 52, (65) (66) (67) ) through a nuclear factor (NF)-B-mediated mechanism; thus a reduction in intramuscular PGE 2 production due to the COX-inhibiting drugs (60) is a plausible explanation for the lower IL-6 transcription in the drug groups. In support of this concept, Vella et al. (64) have shown an increase in NF-B DNA binding to the IL-6 promoter region in the hours following an acute bout of resistance exercise. The IL-10 results (Fig. 3) also support the IL-6 findings, as IL-6 infusion increases IL-10 in humans (53) and IL-10 knockout animals have an exaggerated skeletal muscle IL-6 response to an inflammatory insult (26) , suggesting IL-10 is a regulator of IL-6.
MuRF-1, an E3 ubiquitin ligase that mediates skeletal muscle proteolysis, has also been shown to be regulated via NF-B (9, 48) . Thus it is intriguing to speculate that the drug effects on IL-6 and MuRF-1 are linked through a common PGE 2 receptor-NF-B-mediated mechanism. This notion is supported by the IKK␤ findings (Table 2) showing the main effect for an increase with training of this NF-B regulator (17, 31, 64) was primarily driven by the increase in the placebo group. It should be noted that the IL-6 and MuRF-1 data are generated from biopsies taken in the basal state (3 days after the final exercise bout). IL-6, and to a lessor degree MuRF-1, are substantially more elevated during the first 24 h following an acute exercise bout (33, 44, 54) than those reported here for the placebo group. Thus the proposed effects we describe here were likely influenced to a greater degree during the repeated acute responses to each exercise bout. It is also possible older individuals have an exaggerated response following exercise (57) that the drugs help dampen.
Many of the prostaglandin/COX pathway components measured in this study have not been previously examined in skeletal muscle or with exercise training and the traininginduced effects are noteworthy. The upregulation of cPLA 2 (Table 2 ) along with COX-1 upregulation (59) suggest an overall enhanced ability to produce more arachidonic acid and PGH 2 , the precursor to all prostaglandins. The increase in PGF 2␣ synthase and PGE 2 to PGF 2␣ reductase suggests an increased capacity of skeletal muscle to produce PGF 2␣ directly and through the conversion of PGE 2 (Fig. 1) . Although the enzymes that convert PGH 2 to PGE 2 were unchanged, the PGE 2 receptor-4 was upregulated with exercise training (Table  2 ). Thus the potential of PGF 2␣ and PGE 2 effects are enhanced, albeit through different adaptive approaches (enzyme vs. receptor level increases). Overall, it appears the prostaglandin/ COX pathway in skeletal muscle is part of the adaptive response to resistance exercise training in older adults.
Several of the training-induced effects (i.e., main effect for training) appeared to have a nonstatistically significant influence by one of the drugs. cPLA 2 and two of the classic inflammatory cytokines (TNF-␣ and IL-1␤) were suppressed by ibuprofen and uninfluenced by acetaminophen (Table 2) . While these observations do not lend insight into the drug effects on the muscle adaptations examined in the current study, they do support the classic view that ibuprofen, but not acetaminophen, has anti-inflammatory effects in peripheral tissues. These findings may have implications for interactions of acetaminophen and ibuprofen with other metabolic and inflammatory processes in skeletal muscle. In addition, the two PGF 2␣ -producing enzymes (PGF 2␣ synthase and PGE 2 to PGF 2␣ reductase) showed a more variable response in the acetaminophen group due to a very large response in the same two individuals. This is intriguing since these two enzymes have different structures and catalytic designs (29, 30, 34, 36, 51, 68) . Although speculative, this response may be related to the influence of glutathione on these enzymes (34, 68) , considering glutathione is also involved in other pathways directing the removal of acetaminophen (4, 27) .
The myofibrillar proteolysis measurements were added to the current study with the primary goal of determining whether resistance exercise training could reduce the previously reported age-related elevation (58) . While 12 wk of resistance training was unable to influence basal myofibrillar proteolysis, some age-specific findings were apparent. Our previous investigation (58) examined young (27 Ϯ 2 yr) compared with older individuals over the age of 70 yr (mean 75 Ϯ 4, range: 71-83 yr), and when the age of the current study cohort is considered, those above 70 yr had a 33% higher basal proteolysis than those between 60 and 70 yr (irrespective of training: 4.39 vs. 5.83 nmol/ml). Considering the previously reported magnitude of age-related elevation (44%, 4.28 Ϯ 0.27 vs. 6.16 Ϯ 0.56 nmol/ml), it may be that accelerated muscle proteolysis becomes more apparent in the eighth decade of life. The proteolysis data from the drug groups suggest there was no impact of the COX-inhibiting drugs on basal resting proteolysis.
Perspectives and Significance
We propose two mechanisms through which chronic consumption of acetaminophen and ibuprofen influence skeletal muscle metabolism and promote supplemental muscle growth during resistance training in older individuals. In addition, we define for the first time the adaptation of the prostaglandin/ COX pathway enzymes and receptors, in relation to PGF 2␣ and PGE 2 , the two prostaglandins that stimulate muscle protein turnover. These findings highlight the involvement of prostaglandins and myokines in the adaptive response to resistance exercise in older individuals and underscore the need for more acute and chronic studies in this area. Considering the potency of the drug effects on muscle mass and function, these mechanistic findings also have important implications for the understanding of sarcopenia, the age-related loss of skeletal muscle mass and function, and the further development of strategies to combat sarcopenia.
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